A cDNA from the sea urchin Strongylocentrotus purpuratus encodes a 624 amino acid polypeptide (WEEls,PU,,,) with a high degree of similarity to the Mikl and Wee1 protein tyrosine kinases. These kinases act as negative regulators of mitosis by inactivating cyclindependent kinases (CDK). Wee1 activity varies during the cell-cycle, and is generated only when required. The pattern of WEE1s,pur,, mRNA expression was examined temporally and spatially in sea urchin embryos. Only a trace amount of WEEIs,purp mRNA is present in the egg and through the fifth cell cycle post-fertilization.
Introduction
The cyclin B-p34CdC2 complex, the major agent responsible for the onset of metaphase in all eukaryotes studied, is inhibited by Weel-like kinases and activated by c&25-like phosphatases (Hartwell and Weinert, 1989; Dunphy and Kumagai, 1991; Enoch and Nurse, 1991; Fang and Newport, 1991; Gautier et al., 1991; Kumagai and Dunphy, 1991; Millar et al., 1991; Strausfield et al., 1991) . Its cyclin-dependent kinase (CDK) activity is inhibited by phosphorylation at Thr14 and TyrlS of the schedules of DNA replication and mitosis are driven in their cleavage and blastula stages largely by the fluctuating levels of cyclins (Evans et al., 1983; Edgar and O'Farrell, 1989; Murray and Kirschner, 1989; Solomon et al., 1990) . Maternal sources, mainly as mRNAs, supply these cyclins (Swenson et al., 1986 (Swenson et al., , 1987 Pines and Hunt, 1987; Lehner and O'Farrell, 1989; Minshull et al., 1989; Whitfield et al., 1989) , as well as ~34~~"~ and the activating protein phosphatase, cdc25 (Edgar et al., 1994) . In Drosophila, the string cdc25 homolog is in excess through the blastoderm stages, and a G2 phase is not established until the post-blastodermal, 14th cell cycle, in association with a drop to apparent rate-limiting levels of string (Edgar et al., 1994) . While a Drosophila Wee1 mRNA is maternally provided to these embryos during this period, an inhibitory TyrlS phosphorylation of p34cdc2 is lacking (Campbell et al., 1995) . It has not been determined whether a functional Wee1 kinase is actually produced during this period. In Xenopus, the absence of a substantive G2 phase from the second to the twelfth mitotic cell cycle is also associated with a lack of detectable, inhibitory TyrlS phosphorylation of ~34~~~~ (Ferrell et al., 1991) . In the sea urchin, tyrosine phosphorylation of ~34~~~~ has also been noted during the first cleavage (Meijer et al., 1991) and at a considerably diminished level in the second cleavage (Edgecombe et al., 1991) . In both urchin and frog, a G2 phase is present in the initial cleavages, but is apparently absent in subsequent cleavages. It has not been ascertained whether the lack of tyrosine phosphorylation in Xenopus cleavages 2 to 12 is attributable to the absence of Weel-like tyrosine kinases, such as those recently described in Xenopus (Mueller et al., 1995a,b) .
A cDNA (WEE1 s,PurP) of the sea urchin Strongylocentrotus purpuratus has been identified here with a high degree of identity to Mikl-and Weel-like kinase homologs in other higher eukaryotes (Igarashi et al., 1991; Mueller et al., 1995b; Ohba and Yasuda, 1995; Watanabe et al., 1995) . The sea urchin Weel-like mRNA is barely detectable in the egg, and attains appreciable concentrations at the mid-blastula stages. This major zygotic contribution of Weel-like mRNA contrasts with the predominantly maternal supply of other cell cycle components, particularly of cyclin mRNAs (Pines and Hunt, 1987) . The rise in the concentration of WEEIs.,,ur,, mRNA coincides with the lengthening of the cell cycle in the blastula. This mRNA is present only in cycling cells, so that in later-stage embryos its level declines as the proportion of cycling cells diminishes.
Results

S. purpuratus blastula cDNA predicted to encode a homolog of vertebrate WEEI -like CDK protein kinase
The quantitative and spatial (Nemer et al., 1995) expression of the SpMTA metallothionein gene is regulated by a DNA segment in its first intron. This segment has properties suggestive of a mobile regulatory cassette: it contains putative regulatory elements that specifically bind nuclear factors (Nemer et al., 1995) , is transposon-like, and is represented in several hundred copies in the genome. Moreover, it was detected in an apparent diversity of transcripts in the sea urchin embryo . This putative 'regulatory cassette' was utilized to screen a randomly-primed cDNA library of poly(A) RNA from a mid-blastula stage of S. purpuratus, in order to characterize transcripts containing its sequence. In an initial yield of 50 positive clones, eight different species of RNA were observed, based on a comparison of sequences adjacent to the 371-bp cassette (data not shown). One of these individuals was extensively sequenced, utilizing the original, as well as subsequently isolated, clones (Fig. l) , and found to encode a homolog of the Wee1 and Mikl tyrosine protein kinases of S. pombe, as well as vertebrate counterparts (Fig. 2, below) .
The 4566-nt sequence of this cDNA is close to the full length seen in Northern blot analysis (below). A 1872-nt open reading frame was inferred from the moderately strong Kozak box (Kozak, 1991) at the indicated first AUG (Fig. 1) . Its large 3' UTR of 2671 nt contains the repetitive cassette (nucleotides 2012-2382) and 13 ATITA pentamers. These pentamers, present in 3' UTRs, even at considerably lower, multiplicity than displayed here, have been implicated as signal sites for a specific nuclease involved in mRNA degradation (Shaw and Kamen, 1986) . The 371-nt repetitive cassette has transposon-like features in its bracketing, 24-nt inverted repeats, bounded, in turn, by direct TTA repeats. The cassette sequence is -95% identical to segments in other genomic locations . The sequence motifs indicated in the cassette are identical to counterpart, nuclear-factor binding elements in the regulatory cassette in the SpMTA intron (Nemer et al., 1995) and in the promoters of several genes in this sea urchin species (Thiebaud et al., 1990; Calzone et al., 1991; Hoog et al., 1991) .
The S. purpuratus homolog of vertebrate WEEI CDK tyrosine kinase
Identification of a human cDNA as a Weel-like protein kinase (Igarashi et al., 1991) was based on its capacity to rescue a Wee1 mutant of S. pombe, as well as its 29% identity and 50% similarity to a region comprising mostly the catalytic kinase domain of Wee1 (Hanks and 2101  2201  2301   2401  2501  2601  2701  2801  2901  3001  3101  3201  3301  3401  3501  3601  3701  3801  3901  4001  4101  4201  4301  4401 ORF and a complete 3' UTR. Nucleotide numbering, on the left, is from an arbitrary position in the 5' UTR; amino acid numbering, on the right, is from the first methionine. The staggered stretch from nucleotide 2012 to 2383 is the repetitive 'regulatory cassette'. In it, motifs corresponding to factor binding sites P5 and J'3A in promoters of other genes (Thiebaud et al., 1990) and in the SpMTA intron I of this species arc in bold. Also underlined are the 24-nucleotide inverted repeats at the termini of the cassette, as well as the 3-nucleotide direct repeats bracketing it, ATTTA pentamers, in bold in the 3' UTR, are potentially involved in mRNA stability (Shaw and Kamen, 1986 ).
M. Nemer, E. W. Stuebing / Mechanisms of Development 58 (1996) Watanabe et al., 1993, and X. laevis (WEElx,; Mueller et al., 1995b) are compared with Weel (of 5. pombe; Russell and Nurse, 1987) and Mikl (of 5. pombe; Lundgren et al., 1991) . Identical residues are white on black; similar residues are black on gray. The locations of the 12 subdomains common to protein kinases (Hanks and Hunter, 1995) are indicated by numerals. Dots were introduced to optimize alignments. . Subsequently, further 5' sequencing of the human homolog revealed an additional N-terminal domain of about 214 amino acids (Watanabe et al., 1995) . Extensive but weak homology suggested that it might be more closely related to the Mikl than the Wee1 protein of S. pombe. The identification here of the sea urchin cDNA as a Weel-(or Mikl-) like kinase is premised on its considerable degree of homology to both human and Xenopus WEEI-like sequences. Its predicted 624-amino acids is close in size to the 646-amino acid WEEI,, polypeptide (Watanabe et al., 1995) , and its putative kinase domain is 52% identical and 79% similar to the human, and 47% identical and 70% similar to the Xenopus WEEI,, domain (Fig. 2) . This domain consists of 12 subdomains with sequence characteristics defined by Hanks and Hunter (1995) . Salient features of these subdomains, common among protein kinases, are the conserved residues G287, G289 and G292 in subdomain I, A307 and K309 in II, E327 in III, H337 in IV, H398 in VIA, H404, D406, K408 and N411 in VIB, K452, D455, and G457 in VII, G470 and E478 in VIII, D491 and P509 in IX, and R554 in XI. Deducible by sequence correspondence to Weel, pomhe are putative functional sites for ATP binding at 287-294, and an active site at D407 (Russell and Nurse, 1987) . K309 is at an ATP-binding site generally essential for enzyme activity in protein kinases (Hanks and Hunter, 1995) and has been shown in the closely homologous WEEI,,, (McGowan and Russell, 1993) to be abolished by mutation to arginine.
The N-terminal, approximately 260-amino acid, por- tion of WEEIs,Pur,, bears little resemblance to the corresponding domains of Wee1 and Mikl, but has in three regions (a, b, and d in Fig. 3 ) strong homology to WEEI,,, and WEEZ,. Of the ten potential S/TP phosphorylation sites, nine are located in these highly conserved regions, respectively, of 44, 63 and 67% identity, and 78, 78 and 83% similarity, to either of the vertebrate homologs (Fig.  3 ). These segments comprise 36% of this 260-amino acid domain. A tenth site is in a moderately conserved 25-amino acid stretch (c) displaying 38% identity and 65% similarity. Conservation of S/TP sites within specific contexts is indicated by the retention of eight of ten Xenopus sites in these highly analogous regions, with the other two in close proximity. In the human, eight of its 15 sites are concentrated in these regions, which comprise 20% of the N-terminal region. Regions outside these homologous stretches have diverged, been added or deleted, as indicated by the smaller N-terminus of WEEI, and the larger in WEEI,,, (Fig. 4) . S/TP sites are essentially absent from the kinase subdomains, and concentrated in the N-terminal domains of all Weel homologs except the Xenopus MytZ Tyrl5, Thrl4-dual kinase, which differs radically in having a large C-terminal extracatalytic domain (Fig. 4) . While the 12 subdomains are contiguous in Mytl and in the yeast homologs, subdomains VIB and VII are separated by inserts of 20-30 amino acids in the higher eukaryotic WEE1 Tyrl5 kinases. In WEEIs,Pur,, this extracatalytic insert contains two TP sites. Rare exceptions of S/TP sites in kinase domains are those in subdomain VII of WEEI,,,, as well as in the mouse homolog (Ohba and Yasuda, 1995) , and subdomains X and XI of WeelS,pombe and subdomain II of Mytl. Since Wee1 kinase activity appears to depend on its state of phosphorylation in S. pombe (Parker and Piwnica-Worms, 1992; Coleman et al., 1993; Tang et al., 1993; Wu and Russell, 1993) and in humans (McGowan and Russell, 1995) and Xenopus (Mueller et al., 1995b) , the N-terminal portions are likely candidates to serve as regulatory domains. However, evidence is not available to discriminate between (S/T)P sites exclusively in the Nterminal domain and tyrosines elsewhere as targets for regulation. In this regard, the C-terminal tyrosine, conserved in the higher eukaryotic WEE1 Tyrl5 kinases ( Fig.  2) , and absent from yeast, is an intriguing feature, which raises the possibility of still another potential regulatory site of phosphorylation.
Moreover, the 88% identity and 100% similarity between the C-terminal 16 amino acids of the human and urchin proteins may represent a conserved functionality.
Another aspect of WEE1 kinase regulation is its degradation at metaphase (Watanabe et al., 1995) . Noted in both WeelS,pombe (Nurse and Russell, 1987) and WEEI,,, (Watanabe et al., 1995) which in the yeast polypeptides arc shown to be contiguous, and in the higher eukaryotes arc interrupted between VIB and VIII. Short vertical lines indicate the positions of SP or TP sites. Stippled boxes span regions of the aminoterminal portions that are shown in Fig. 3 to be highly homologous. Black boxes are high 'PEST' sequences by the criteria of Rogers et al. (1986) . 80 M. Nemer, olytic destruction called PEST sequences. These are stretches of ten or more amino acids bounded by positively charged amino acids and enriched in proline, glutamic acid, aspartic acid, serine and threonine (hence 'PEST'). There is a highly significant correlation between the turnover of proteins and their content of sequences with high 'PEST' scores (Rogers et al., 1986) . Based on their formulation, high PEST scores for several regions in WEEls,,,u,,, were apparent: 19.0 for residues 40-69; 6.2 for 99-131, 14.0 for 242-264; 27.6 for 418430; and 8.2 for 430-452. PEST scores in this range were noted for sequences within all of the Wee1 homologs (Fig. 4) . With the exception of subdomain X of WeelS,pomhe, all of these high PEST sequences are excluded from the kinase domain. This generalization holds in the case of the human, Xenopus and urchin proteins, which have high PEST sequences localized in the extracatalytic region that separates subdomains VIB and VII. Finally, in Myth a single high PEST sequence is present in its non-kinase, C-terminal region, in contrast to all the others .
Developmental profile of WEE1s,purP transcripts
Northern blot analyses of total embryonic RNA revealed a 4.5kb WEEIs,PurP transcript, consistent with the size indicated by its nucleotide sequence. Its relative steady-state level was high in the blastula and diminished drastically during development to the gastrula and pluteus stages (Fig. Sa) . This pattern was shown to contrast with that of an ectoderm-specific mRNA, Specl, which also is at a high level in the mesenchyme blastula, but continues to increase in the later stages (Fig. 5a ). Absolute amounts of 4.5kb WEEls,PurP transcripts in the egg and early (12-h) blastula were measured through analysis of Northern blots of total RNA run together with known amounts of a 0.3-kb reference, sense-strand fragment of the WEEls.PurP RNA (Fig. 5b) . The amount of radioactivity in the 4.5-kb band in the 12-h, early blastula RNA indicated the presence of 1 X IO4 transcripts per embryo. Only a faint 4.5-kb band was detected in the egg RNA, precluding an accurate measurement, but suggesting an upper limit of no more than 1 X lo3 transcripts per egg.
From successive measurements of WEEls.pur,, RNA concentration ( Fig. 6a) , a developmental profile was drawn through the pre-gastrula stages (Fig. 6b) . The amount in the egg, and for the first 7-8 h of development, was close to the limit of detection; however, WEE~Q,,~,, transcripts began to accumulate at the 8-h early blastula stage, between the fifth and sixth cell cycle, and reached a maximum level of 2.5 X lo4 transcripts/embryo in the 16-20 h mid-blastula. Followed by a considerable decline over the next 10 h, this moderate abundance would be the highest overall concentration throughout the course of embryogenesis (compare with the gastrula and pluteus stages in Fig. 5a). WEE~S,~,,,, initiated between the fifth and sixth cell cycles, and displayed a maximal rate between the seventh and eighth cell cycles. The coincidence between the increase in wEEl~.~ur,, transcript concentration and the successive lengthening of average intermitotic intervals between the sixth and ninth cell divisions is consistent with an involvement of WEEIs,PurP in mitotic delay.
The temporal relationship between the expression of WEEls.,,urp and other genes was elucidated by a direct comparison with the accumulation of aboral-ectodermspecific mRNAs (Fig. 6 ). These included Spec 1, Cyllla actin and SpMTA mRNAs, shown previously to begin to accumulate in the early blastula (Bruskin et al., 1981; Nemer et al., 1984; Lee et al., 1986) . In agreement with these studies, their levels, quantified in the same series used to assess WEE1 mRNA (Fig. 6) , were seen to remain constant at amounts originally present in the egg until about the tenth hour, between the sixth and seventh cycle, and then to increase at about 2-3 h after the start of wEEl~.~ur,, mRNA accumulation.
Although gene transcription occurs from the outset of cleavage in the sea Development 58 (1996) urchin (Wilt, 1970) , the initiation of the accumulation of these specific mRNAs in the sea urchin blastula may be considered analogous to the start of specific mRNA accumulation at the MBT in Xenopus (Newport and Kirschner, 1982) . The relative levels of cyclin A and B mRNAs have also been plotted in Fig. 6b : both cyclin A (Yoon, 1993) and B (Pines and Hunt, 1987) mRNAs were shown to be stored in the egg at high concentration, to remain so through the cleavage stages (for 8-9 h in 5. purpurarus) and to decline thereafter. The decline in cyclin, coincident with a rise in WEEZs,PurP mRNA, suggests that a switch occurs at the mid-blastula stage in the composition of components involved in the regulation of cell cycle progression.
Spatial expression of WEEls,P,,,P transcripts: correlation with cycling cells
The mobile cassette in the first intron of the SpMTA gene is involved in regulating its spatial expression (Nemer et al., 1995) . A site in this cassette is homologous to the P3A site of the CyZZZa actin gene, which restricts its expression to the aboral ectoderm (Hough- Evans et al., 1990) . However, WEEIs.Pu,P mRNA, which contains the cassette sequence in its 3' UTR, was found not to be similarly restricted in its spatial expression at any time during embryogenesis (Fig. 7) . The relatively higher levels of WEEZ s,Pur,, mRNA in blastula compared to gastrulaprism stage embryos, demonstrated by Northern blot analysis, could also be seen through whole mount in situ hybridization (Fig. 7A) . The uniform expression observed in the blastula changes in the later stage embryo to a localization in the endoderm (gut) and oral ectoderm. At the mid-gastrula stage, the presence of WEEIs,PurP mRNA in the gut and oral ectoderm and absence from the aboral ectoderm (Fig. 7B) is essentially opposite the restriction of Specl mRNA to the aboral ectoderm (Fig. 7C) . This well-documented restriction of Specl (Lynn et al., 1983 ) serves in these studies as a control. At various pluteus larval stages (Fig. 7D,E,H) , WEEIs.pur,, mRNA is distributed to different degrees between the regions of the gut and the oral ectoderm, and is never detected in the aboral ectoderm. Again, in contrast, Specl mRNA is absent from these tissues and restricted to the aboral ectoderm of the pluteus (Fig. 7G) . In Fig. 7F , an isolated gut, fortuitously derived from a fragmented pluteus larva, is shown to have WEEIS.~~~/, mRNA concentrated at its termini, as seen in the whole mount of Fig. 7E . DNA synthesis, examined by the detection of bromodeoxyuridine (BrdU) after a 2-h labeling period in the pluteus larva (Fig. 71) , was found to be spatially restricted to the pluteus gut and oral ectoderm. Similar periods of BrdU labeling resulted in uniform distribution in the blastula stages and diminished DNA synthesis in the aboral ectodermal regions of the mid to late gastrula stages (data not shown). This loss and eventual absence of cycling cells from the aboral ectodermal lineages of late gastrula to pluteus stages is in agreement with previous observations utilizing thymidine labeling of DNA (Pehrson and Cohen, 1985; Kingsley et al., 1993 pluteus arms. In S. purpuratus plutei, WEE1 mRNA can be seen to extend from the oral ridge out to the arm rudiments (Fig. 7H ). In the species L. pictus, the lengthening of the highly elongated post oral arms of the pluteus can be followed at successive stages. Fortunately, the WEE1s.,,urP antisense probe could be used to detect WEE1 mRNA in this species, and to track it during arm elongation. At successive pluteus stages (Fig. 8) , WEEI mRNA appears first in the arm rudiments (at 64 h) and in the elongating post oral arms (at 72 h). However, by the 92nd hour, when elongation has ceased, the mRNA is no longer detectable in the arms. This limitation of WEEZ mRNA expression to proliferating cells is still another example of its linkage to cycling cells.
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WEE1 -like kinase mRNA expression at a developmental transition
Cell cycle synchrony diminishes in the sea urchin as early as the sixth cycle, and rapid divisions without apparent gap phases persist no further than the eighth cycle (Hinegardner, 1967) . A blastula-stage transition here is marked by diminishing levels of cyclin mRNAs (Pines and Hunt, 1987) , and, inversely, increasing levels of WEE1 s.purp mRNA. This overall cell cycle transition is followed by the initiation of the accumulation of certain cell type-specific mRNAs, for example, those associated with the aboral ectoderm cell lineage. The first cleavage, which is considerably longer than subsequent cleavage cycles, is marked by substantial tyrosine phosphorylation of ~34~~~~ (Meijer et al., 1991) . This suggests that a tyrosine protein kinase, such as the Wee1 or Mytl CDK kinases (Mueller et al., 1995a,b) , may be stored maternally for transient usage, in spite of the lack of maternal WEE1spurp mRNA. However, diminished ~34~~~~ tyrosine phosphorylation in the second cleavage (Edgecombe et al., 1991) indicates a diminution of such activity. The indicated developmental profile would be the presence of a G2 phase in the initial cleavage, its apparent absence in subsequent cleavages, and its restoration later. This overall timetable for the establishment of the G2 phase in the blastula would reflect an average of the schedules of the various cell lineages. Analogously, from the second to the twelfth cell cycle of Xenopus, there is neither tyrosine phosphorylation of ~34~~~~ nor a G2 phase (Ferrell et al., 1991) . The initiation of these events at the Xenopus MBT has yet to be associated with a demonstrated initiation of a Weel-like CDK kinase activity. Developmental profiles of neither WEEI, CDK tyrosine kinase (Mueller et al., 1995b) nor Mytl dual CDK kinase (Mueller et al., 1995a) have been reported in Xenopus. The Weel-like CDK kinase activity, that would be predicted to contribute to the establishment of a G2 phase in blastulae of both Xenopus and urchins, is predicted from the timing of WEEls.,,u,,, mRNA appearance. Its increasing titer through the period of the lengthening cycles six to nine is consistent with an expected G2-specific role in delaying mitosis. A test of these propositions would entail an examination of the Weel-like protein encoded by
WEEIs.purl, mRNA. In spite of its 70-80% similarity to vertebrate WEE1 kinases, the WEEIs,Pur,, protein needs to be tested directly for Tyrl5 CDK activity. Moreover, it cannot be assumed that the level of such a protein is reflected by the mRNA level. Finally, an involvement cannot be excluded of either a homolog of the Xenopus Mytl CDK dual kinase or developmentally distinct forms of WEEI, such as maternal and zygotic.
Uniformly distributed in the blastula, WEEIs,PurP mRNA persisted in the post-gastrula stages only in cycling cells. Indeed, in situ hybridizations indicated that cells either contained or totally lacked this mRNA; i.e., the non-cycling cells either shut down WEEIs,PurP gene transcription or effectively depleted the transcripts through turnover. The cells of the aboral ectoderm in latestage embryos appear to be terminally differentiated, for they are no longer cycling and continue to express their characteristic set of mRNAs. Their lack of WEEIs,PurP mRNA would tend to exclude WEE]-like kinase from a role in blocking division of these cells. In Drosophila embryos, expression of Dweel mRNA remains high in the proliferating cells of the central nervous system well after cells in the rest of the embryo have ceased dividing (Campbell et al., 1995) . However, unlike the apparent exclusivity of WEEIs.Pur,, mRNA expression in dividing cells of the urchin embryo, Dweel mRNA was also detected at early stages in tissues that had withdrawn from proliferative cell cycles. The particular strategy of supplying WEE~S.~~,~ mRNA from a zygotic rather than a sustained maternal source may reflect a tight rein on its titer and an exquisitely precise regulation of its activity. Controls at both the mRNA and protein levels on the activity and turnover of this CDK kinase are suggested by potential regulatory motifs in the WEEZs,p,,r,, cDNA sequence.
WEEls,PurP mRNA regulation
The restriction of WEE1 mRNA to cycling cells is illustrated by its absence from the non-cycling aboral ectodermal cells and its presence only in the proliferating cells of the oral arms of the pluteus larva. The expression of Cyclin B mRNA, which is enriched in the cycling cells of late-stage embryos (Kingsley et al., 1993) , is a candidate for similar restriction. While these substituents may serve in this case as markers for cell proliferation, the transcript levels of other cell cycle determinants vary differently in different systems; e.g. levels of RNA encoding p3@* vary in a cell-cycle dependent manner in HeLa cells (McGowan et al., 1990) , but are constant in S. pombe (Durkacz et al., 1986) .
In addition to the transcriptional regulation that might apply to these mRNAs, certain features of the WEE1s,PurP mRNA suggest that its turnover may be regulated. This mRNA has in its 3' UTR a high multiplicity of AUUUA pentamers, a feature which is associated with rapidly turning over mRNAs (Shaw and Kamen, 1986) . Such lability, if it were conferred upon this mRNA, would tend both to preclude its effective maternal storage and to be advantageous for its rapid disposal. The functionality of these sites as mRNA destabilizers in sea urchins is indirectly suggested by their enrichment in the 3' UTRs of some presumably rapidly turning-over mRNAs of stressed coelomocytes (Asson-Batres et al., 1994) . In contrast to WEE1s,Pur,, mRNA, these pentamers are absent from the 3' UTR of WEEI,,, (Igarashi et al., 1991) and WEEI, (Mueller et al., 1995b) mRNAs. Similarly diver-gent is the multiplicity of AUUUA pentamers in the 3' UTRs of rodent cyclin B mRNAs, compared to their absence in other cyclin B mRNAs (Markiewicz et al., 1994) . The potentially regulated turnover of these mRNAs may have special functions in one case and not in another.
Kinase target sites and degradation signals
The diverse Weel-like CDK kinase homologs of humans, frogs and sea urchins have features which suggest similarities in regulation through protein-protein interactions, phosphorylation, and turnover. Their kinase domains are highly similar to those in a vast number of protein kinases (Hanks and Hunter, 1995) , yet have features which are common exclusively among Weel-like kinases (Watanabe et al., 1995) . Although the extracatalytic domains are largely divergent, three regions, comprising 36% of the N-terminal, non-catalytic domain of WEEls.,,ur,,~ have an overall 57% identity and 75% similarity to parallel regions in the Xenopus and human counterparts.
One interpretation of the conservation of these regions might be that they are targets for interaction with other proteins: WEEIx, protein appears to form a complex with ~34~~~~ . m a cell cycle-dependent manner (Mueller et al., 1995b) ; and WEEZ,,, requires its Nterminal region for the phosphorylation of ~34~~~~ in complex with cyclin B .
These conserved regions contain 9/10, 8/10 and 9/15 of the N-terminal VIPs in the urchin, Xenopus and human homologs, respectively.
These and the other S/TP sites, which are almost exclusively in the extra-catalytic domains, are present in consensus targets of MAP kinases (Thomas, 1992) , CDK (Nigg, 1993) , and MPM2-epitope kinases (Westendorf et al., 1994) . The latter two activities are components of a Xenopus egg extract implicated in the inhibitory phosphorylation of Weel, pombe and WEEZ, (Mueller et al., 1995a) . Both in Xenopus (Mueller et al., 1995b) and humans (McGowan and Russell, 1995) , the M-phase, down-regulation of WEE1 kinase has been shown to involve its hyperphosphorylation.
Phosphorylation, oppositely, activates the counteracting cdc25 phosphatase (Izumi et al., 1992; Kumagai and Dunphy, 1992; Hoffmann et al., 1993) . For both Weel-like CDK kinase and cdc25 phosphatase of Xenopus, the N-terminal non-catalytic domain is a putative regulatory domain. Thus, synergistic phosphorylations, possibly by cdc2 kinase itself, target similar regions in oppositely acting enzymes, resulting in its own sharp, M-phase dephosphorylating activation. The observed lability of WEEI,, during metaphase might be attributed to regions bearing high 'PEST' scores (Watanabe et al., 1995) , which correlate significantly with rapid turnover rates among a large number of proteins (Rogers et al., 1986) . High PEST score regions are almost exclusively outside the kinase domains of WEEl-like proteins. A model for the regulated lability of these proteins might be drawn from the Gl-specific cyclins, whose PEST sequences are thought to account for their rapid turnover (Reed, 1991) . A signal for ubiquitin-dependent degradation is composed primarily of PEST sequences in the case of cyclin Cln3 in Saccharomyces cerevisiae (Yaglom et al., 1995) . Phosphorylation of a critical PEST sequence containing multiple VIP sites was shown to be required for Cln3 degradation and, moreover, to be performed by the CDK Cdc28. Hence, it cannot be excluded that the potential kinase target sites within PEST sequences, such as those in the Wee1 proteins, may similarly facilitate degradation. The degradation of cyclins A and B is also mediated through the ubiquitin pathway (Glotzer et al., 1991; Hershko et al., 1991; 1994) , but via a 'destruction box', rather than PEST sequences. It is thus possible that cyclin B and Weel-like proteins are similarly, possibly coordinately, targeted for destruction.
Maternal to zygotic transition
A transition at the blastula stage marks an escape from maternally directed programs. In Xenopus, the program for maternal determinants of cell cycle progression includes the unmasking of maternal mRNAs (Standart, 1992) , and regulating their translatability (Sheets et al., 1994) . At the onset of gastrulation, the status of cyclin Al and A2 proteins during interphase undergoes an early gastrula transition from stability to rapid degradation (Howe et al., 1995) . Similarly, maternal mRNAs, encoding both, are stable in early embryos, but are degraded during gastrulation, and replaced, thereafter, solely with cyclin A2 mRNA. In sea urchins, the decline of maternal cyclin mRNAs is accompanied by an apparent de novo appearance of substituents, exemplified by the accumulation of WEE1 s,purp mRNA through a blastula-stage transition in the sea urchin, and its subsequent persistence, and presumed association with a G2 phase, in cycling cells. The new substituents and alternative isoforms may afford regulatory advantages keyed to their lability, and be instrumental in introducing G-phases into the cell cycle.
Experimental procedures
I. Sequencing cDNA clones
A AZAP cDNA library prepared with random primers from total poly(A) RNA of 14-h early blastulae of S. purpuratus (gift from Dr. William H. Klein, M.D., Anderson Cancer Center, Houston) was screened for clones containing the previously described, repetitive 'cassette' in the first intron of the SpMTA metallothionein gene . The probe used here was a random-primed, 32P-labeled 409-bp AvrII fragment (positions 37 l-779; Nemer et al., 1993) . Two overlapping clones with inserts, respectively, of 3.3 and 2.9 kb were sequenced bidirectionally, utilizing oligodeoxynucleotide sequences within 86 M. Nemer, E. W. Siuebing / Mechanisms of Development 58 (1996) 75-88 and beyond this AvrII fragment. Data were obtained with a kit for thermocycling (Circumvent, New England Biolabs) and with the automated Perkin-Elmer ABI system.
Embryo development, RNA extraction and quantification
Embryos of either S. purpuratus or L. pictus were cultured in synthetic sea water medium (SSW) at lS'C, and RNA was extracted from whole embryos and purified as previously described (Nemer et al., 1984) . Northern blots were hybridized with double-stranded cDNA probes labeled with [32P]dCTP (3000 Ci/mmol, New England Nuclear), utilizing random primer kits (Promega or Pharmacia), and washed at high stringency (Nemer et al., 1985) .
The WEEIS.,,~~~ P robe represented the entire cDNA sequence except for the region between 1457 and 2411 ( Fig. l) , which included the 371-bp repetitive cassette in the 3' UTR. Probes for Specl, CyIZZa actin and SpMTA metallothionein RNAs were described previously (Nemer, 1986) . A probe for mitochondrial (mt) rRNA consisted of a OS-kb fragment of the mt 16s rRNA (5280-5780, Jacobs et al., 1988) . Hybridization signals in the 4.5-kb
WEEIs. purp and 1.4-kb mt rRNA bands were quantified through exposure of Northern blots to Fuji imaging plates, and subsequent signals were measured by the Fuji BAS 1000 detector. Stripped blots were rehybridized to detect the 1.5-kb Speck RNA bands. Signals from WEE&,rp and Specl bands were normalized by comparison with quantified mitochondrial rRNA bands on the same Northern blots. The essential constancy of mt rRNA/embryo over the developmental period studied (Cabrera et al., 1983) allowed relative amounts to be estimated on a per embryo basis. Alternatively, in another experimental series, Northern blots were hybridized with pairs of probes, to detect the 0.8-kb SpMTA with either the 1.5-kb Speck or the 1.8-kb CyZZZa actin RNA. In this case relative amounts were estimated by microdensitometry (Nemer, 1986) . The absolute amounts of WEEZs,PurP mRNA per embryo were estimated through reference to a sense-strand fragment of this RNA, employing the rationale of Harlow and Nemer (1987) . A 0.3-kb sensestrand RNA, representing the WEEIs,Pur,, coding region from 203-520 (Fig. l) , was transcribed from a pGEM construct with T7 RNA polymerase. Northern blots were made in which this 0.3-kb RNA was included in the same lane together with a given amount of either egg or blastula RNA. Hybridization with the random-labeled, 0.3-kb cDNA fragment from this region allowed a direct calculation of the number of transcripts in the 4.5-kb WEEI s.,,urp RNA band from the number added and the signal in the 0.3 kb reference band. Estimates of absolute amounts of the other RNAs, obtained by comparison of relative signals, were in agreement with those previously reported (Bruskin et al., 1981; Lee et al., 1986 ).
Whole-mount in situ hybridization and detection of DNA-synthesizing cells
Whole-mount in situ hybridizations were performed on glutaraldehyde-fixed embryos according to the procedure of Harkey et al. (1992) . Pre-gastrula stage embryos were digested 5 min with proteinase K at 4Opg/ml, and postgastrula at 20pg/ml, followed by fixation in 4% paraformaldehyde.
Hybridization was performed for 18 h at 50°C in 50% formamide, 5 x SSC, 50pg/ml heparin, 500pglml yeast tRNA and 0.1% Tween-20, with either a mixture of WEEIs,PurP antisense riboprobes or a Specl antisense riboprobe. Antisense riboprobes were labeled with digoxygenin-11 -UTP (Boehringer Mannheim Biochemicals) at a ratio of 0.7:1 of UTP, using the Ambion Megascript kit. In the case of the WEEIs,PurP probe, two templates were used with T7 RNA polymerase: pGEM3Z vectors, containing a 5' PstI-EcoRV, 1241-bp fragment (1-1241) or a 3' UTR, HincII-XbaI, 1635-bp fragment (2430-4065) region (Fig. 1) . In the case of Specl, an SP6 vector, containing 900 bp of the 3' terminus of a Specl cDNA (Nemer, 1986) was used with SP6 polymerase. Probes were reduced in size to l-200 nt by mild alkaline hydrolysis (Angerer et al., 1987) . After washes at 50°C in 0.1 x SSC and 0.1% Tween-20, then PBST (0.15 M NaCl, 0.2 M phosphate, pH 7.4, 0.1% Tween-20) the specimens were blocked for 30 min with 5% sheep serum in PBST, then incubated with 1:2000-diluted alkaline phosphatase-conjugated anti-digoxygenin (Boehringer Mannheim Biochemicals) in PBST for 1 h For detection of bound alkaline phosphatase activity, the specimens were washed successively in, first, 0.1 M NaCl, 0.1 M Tris-HCl (pH 8.0), 0.1% Tween-20, then 0.1 M NaCl, 0.1 M Tris-HCl (pH 9.5) 0.1% Tween-20, and then 0.1 M NaCl, 0.1 M Tris-HCl (pH 9.5) 50 mM MgCl,, 2 mM levamisole, 0.1% Tween-20. Color was developed with NBT and BCIP substrates (Boehringer Mannheim Biochemicals) in the last medium overnight at room temperature.
To detect DNA-synthesizing cells, embryos were incubated for 2 h with BrdU at 3 mM, then fixed in 2% glutaraldehyde in SSW for 2 h, and passaged into 70% ethanol for storage. After passage into PBST, the specimens were treated with 2 N HCl and 0.1 M NaCl at 37°C for 20 min, washed three times in PBST, incubated with 0.1% trypsin in PBST at 37°C for 25 min, then washed in PBST. Specimens were blocked with 5% sheep serum in PBST for 30 min at 37°C then incubated for 2 h at 37°C with 1:3000-diluted mouse (IgG 1 isotype) monoclonal anti-BrdU (Sigma Immunochemicals) in PBST containing 5% sheep serum. After several washes in PBST with 5% sheep serum, the specimens were incubated with 1:1800-diluted anti-mouse alkaline phosphatase conjugate (Sigma Immunochemicals) in the same medium for 2 h at 37°C. The procedure for detection of bound alkaline phosphatase activity (above) was next applied.
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